Avian metapneumovirus (aMPV) emerged as an important respiratory pathogen causing acute respiratory tract infection in avian species. Here we used a chicken aMPV subgroup C (aMPV/C) isolate to inoculate experimentally BALB/c mice and found that the aMPV/C can efficiently replicate and persist in the lungs of mice for at least 21 days with a peak viral load at day 6 postinoculation. Lung pathological changes were characterized by increased inflammatory cells. Immunochemical assay showed the presence of viral antigens in the lungs and significant upregulation of pulmonary inflammatory cytokines and chemokines including MCP-1, MIP-1a, RANTES, IL-1b, IFN-c, and TNF-a were detected following inoculation. These results indicate for the first time that chicken aMPV/C may replicate in the lung of mice. Whether aMPV/C has potential as zoonotic pathogen, further investigation will be required.
Introduction
Avian metapneumovirus (aMPV), belonging to the Metapneumovirus genus within the family Paramyxoviridae, causes an acute respiratory disease characterized by nasal and ocular discharge, foamy conjunctivitis, facial congestion and swollen infraorbital sinuses, as well as egg drops and poor egg quality in turkeys, chickens and ducks [1] . aMPV is an enveloped virus containing a single stranded, negative sense RNA genome with a total length of approximately 13 kb, which organized in the order 39-leader-N-P-M-F-M2-SH-G-L-trailer-59 [2] . Four subgroups (A, B, C, and D) of aMPV have been identified based upon genetic and antigenic properties of viral attachment (G) glycoprotein. After its first description in South Africa during 1978 [3] , aMPV subgroups A and B, were mainly found thereafter in Europe, Asia and many other parts of the world, in turkeys and/or chickens. Subgroup C aMPV (aMPV/C) was first reported in turkeys in the USA in 1996 [4] and subsequently isolated from farmed ducks [5] and pheasants [6] , some wild birds [7] and our most recent report from chickens [20] . Analysis of aMPV/C isolates revealed low sequence identity to subgroups A and B, exhibiting no or limited cross-reactivity with aMPV subgroups A and B in virus neutralization and enzyme-linked immunosorbent assay. Research data [8, 9, 10] further indicated that aMPV/C had closer genetic and antigenic relatedness to human metapneumovirus (hMPV), within the same genus Metapneumovirus as aMPV, than to other aMPV subgroups, thereby emphasizing the need for a better understanding of aMPV/C pathogenesis.
hMPV causes severe respiratory diseases including bronchiolitis/bronchitis and pneumonia occurring in young children, elderly individuals, as well as immunocompromised persons [11] . It was reported that hMPV can infect and replicate in several small-animal and nonhuman primate models [12, 13, 14] . BALB/c mouse, a good and convenient experimental animal model, has been used to study the pathogenesis and immunity of hMPV infection [15, 16, 17, 18, 19] . hMPV replication has been found in the lung of experimentally infected BALB/c mice and was associated with transient weight loss [15] . Recently, we for the first time isolated and characterized an aMPV/C strain JC from Chinese local meat-type commercial chickens with severe respiratory signs [20] . Sequence analysis showed that the chicken aMPV/C strain JC is more closely related to hMPV strain BJ1816 (78.5%) isolated in China than to other aMPV/C isolates (75.5-77.8%) as compared to matrix gene sequences. It has been reported previously that hMPV could cause clinical signs such as nasal discharge in the inoculated turkey [21] . Thus, this prompts us to investigate whether chicken aMPV/C strain JC which shows closer homology to hMPV can infect and replicate in the respiratory tract of experimentally inoculated mammal animals.
In the present study, we investigated the pathogenesis of the chicken aMPV/C inoculation in the lung of BALB/c mice. Our results indicate that BALB/c mice efficiently support aMPV/C replication, with significant lung inflammation, fever, and being depressed, which showed similar infectivity as observed for hMPV in BALB/c mice. This study demonstrates for the first time that chicken aMPV/C can infect BALB/c mice and persist as infectious virus in the lungs of inoculated mice for several weeks.
Materials and Methods

Ethics statement
This study was conducted according to the animal welfare guidelines of the World Organization for Animal Health [22] , and approved by the Animal Care and Use Committee of Institute of Animal Husbandry and Veterinary Medicine Beijing Academy of Agriculture and Forestry Sciences.
Virus and cells
aMPV subgroup C (aMPV/C) strain JC isolated from Chinese local meat-type chickens with respiratory syndrome as described recently [20] was used for this study. The stock virus was passaged twelve times in monkey Vero cells before one freeze-thaw cycle and clarification to release infectious virus. The presence of chicken aMPV/C isolate JC was confirmed by reverse transcriptase PCR (RT-PCR), immunofluorescence assay, and detection of cytopathic changes in cells (cell rounding and syncytial formation). The virus was titrated by serial dilutions onto Vero cells and found to be 10 4.25 50% tissue culture infectious dose (TCID 50 ) per 0.1 milliliter.
BALB/c mice
A total of 120 8-week-old, specific-pathogen-free female BALB/c mice were purchased from Vital River Laboratories, Beijing, China. The mice were randomly allocated two groups and housed in isolation rooms in filter-top cages and fed sterilized food and water ad libitum. One group (60 of mice) was inoculated intranasally and intraperitoneally with the aMPV/C strain JC at 10 4.25 TCID 50 in a total volume of 100 ml that harvested from Vero cell, whereas the other group was set as negative control and sham inoculated with 100 ml of Vero cell supernatant. The animals were monitored daily for mortality, weight loss, and presence of any respiratory symptoms. Rectal temperature for the two groups of mice was measured. The mean temperature of sham-inoculated mice at the indicated times was considered the reference for interpretation of the results. At serial times postinoculation (days 1, 2, 3, 4, 5, 6, 7, 10, 14, and 21), the lungs and blood samples were collected from 6 mice from both aMPV/C-and sham-inoculated groups.
Virus titration in lungs
For virus titer assay, the lungs of the all experimental mice were removed and quickly frozen in -80uC freezer. Lung tissues were homogenized in 1 ml of Dulbecco's modified Eagle's medium (DMEM) and centrifuged at 10,000 6 g for 1 min at 4uC, and the supernatants were laid on Vero monolayers for virus titration. Virus titers were determined as described elsewhere [23] and expressed as TCID 50 per lung, corresponding to ,0.05 g.
Quantitative reverse transcription (RT)-PCR analysis
The levels of viral RNA in the lungs were assessed by quantitative RT-PCR (qRT-PCR) at the indicated time points after aMPV/C inoculation. Total RNAs were isolated from lung tissue of inoculated-or sham-inoculated mice by using RNeasy Mini kit (Qiagen) for qRT-PCR. The sense primer (59-GTCAATTCAGCCAAGGCAGT-39) and the antisense primer (59-GGGGCAATCCTAGCTTGAGT-39) designed for this study were used to amplify a 200-bp nucleotide region of M gene. qRT-PCR protocol followed the instructions of an iScript TM One-Step RT-PCR Kit with SYBRH Green (Bio-Rad). The qRT-PCR parameters consisted of a cDNA synthesis at 50uC for 10 min and reverse transcriptase inactivation at 95uC for 10 min, and then 35 cycles of denaturation at 95uC for 10 s and annealing at 55uC for 30 s. For a standard curve, serial dilutions of plasmid pMD18-M (M gene cloned into pMD-18) were used to quantify the virus genomic copy number. Each assay was run in triplicate.
Pathological examination
The mice were sacrificed and lung samples were collected at the indicated time points after aMPV/C inoculation, and fixed by immersion in 2.5% glutaraldehyde-polyoxymethylene solution. Fixed tissues were dehydrated, embedded in paraffin wax, sectioned at 4 mm thickness, and then stained with hematoxylin and eosin (HE) for light microscopic observation. For lung change evaluation, four types of histopathological changes were scored independently (peribronchiolitis, perivasculitis, interstitial pneumonitis, and alveolitis) based on a scale of 0 (no change) to 4 (Maximum change) as observed for hMPV infection of mice [15, 24, 25] .
Immunohistochemical staining
The lung tissues for histology were subjected to immunohistochemical analysis for detecting the presence of aMPV viral antigen. Briefly, the deparaffinized sections were incubated with a rabbit polyclonal antibody raised against a polypeptide located in N protein of all aMPV subgroups [26] , followed by incubation with biotinylated secondary antibody and horseradish peroxidaselabeled avidin-biotin chain working fluid (Beijing Zhong Shan Golden Bridge Biotechnology Co., Ltd., China) before the addition of 3,39-diaminobenzidine (Zymed Laboratories Inc., San Diego, CA) as a substrate. The tissue sections were then counterstained with hematoxylin, dehydrated, and mounted with neutral gums. Sections from the sham-inoculated mice served as negative controls. The results were expressed as an area density of positive signals, which was obtained by dividing the area of positive signals by the area of the whole field under the microscope at 400 6 magnification.
Neutralization assay
aMPV/C neutralizing antibody titers were determined by using an end-point dilution reduction assay. Briefly, polled serum (n = 6) collected from each time point after aMPV/C inoculation was diluted twofold in serum-free DMEM and mixed 1:1 (vol/vol) with 200 TCID 50 of aMPV/C strain JC. After incubation 1 h at 37uC, the reaction mixtures were added to 95% confluent Vero cells in 96-well plates. Each dilution was inoculated into four wells. At 168 h post-inoculation, the cell monolayers were monitored for cytopathic effects. Neutralizing antibody end-point titers were calculated by the method of Reed and Muench method and reported as the reciprocal value of the highest serum dilution that neutralized 200 50% TCID 50 of aMPV/C.
Pulmonary cytokine levels
Cytokine levels, including monocyte chemotactic protein 1 (MCP-1), macrophage inflammatory protein 1a (MIP-1a), RANTES, IL-1b, interferon (IFN)-a, IFN-c, tumor necrosis factor (TNF)-a were measured by respective mouse enzyme-linked immunosorbent assay (ELISA) kit obtained from Invitrogen according to the protocols of the manufacturer. Briefly, lung tissues (n = 6 for each) at the indicated time points after aMPV/C inoculation were homogenized (25% w/v) in phosphate-buffered saline (PBS) followed by dilution with Standard Diluent Buffer. Samples were centrifuged at 13,500 6 g for 10 min at 4uC, and 100 ml of the supernatant was used for cytokine quantification by ELISA.
Statistical analysis
Results are presented as averages 6 the standard deviation or standard errors of the means, as indicated. Statistical comparisons are made by using Student's t test, and differences between groups were considered significant if the P value was , 0.05.
Results
Clinical manifestations of aMPV/C inoculation in mice
BALB/c mice were inoculated with 10 4.25 TCID 50 of chicken aMPV/C strain JC and were observed daily. A cohort was observed for signs of disease such as being ataxia, ruffled fur, tendency to huddle, or being less active, inactive from day 1 through day 6 followed by recovery in the aMPV/C-inoculated mice. As shown in Fig. 1 , the chicken aMPV/C-inoculated mice exhibited fever at day 1 through day 5 postinoculation, the rectal temperature of the inoculated mice increased dramatically to reach a value as high as +2.2960.13uC (p,0.05) at day 1 thereafter declined as compared to the sham-inoculated mice. The temperature returned to normal levels at day 6 postinoculation. In addition, the virus-inoculated mice showed obvious decreased rectal temperature at day 14 postinoculation. None of the aMPV/ C-inoculated mice lost weight or died throughout the study. None of the sham-inoculated mice showed any signs of illness or weight loss.
Virus amounts in lungs
The levels of viral RNA and virus titers in the lungs of mice were assessed at 1, 2, 3, 4, 5, 6, 7, 10, 14, and 21 days after aMPV/C inoculation. qRT-PCR analysis indicated that inoculation of aMPV/C led to progressive accumulation of viral RNA in the lungs of mice at day 6 postinoculation, with the maximal copy numbers being 4.83610 4 copies/lung, which decreased thereafter ( Fig. 2A) . Later on, viral copy numbers did not vary significantly in positive samples and were between 2.34610 4 and 0.87610 4 copies/lung from days 7 to 21. Consistent with the results shown in Fig. 2A , there was a time-dependent increase in the virus titers in the aMPV/C-inoculated mice at 6 days postinoculation which declined thereafter. At 6 days after inoculation, virus titer reached the highest level (10 3.67 TCID 50 /lung) and then dropped down. Virus loads can be detected in the aMPV/C-inoculated mice throughout the experiment (21 days). This showed that the virus shedding in the inoculated mice last at least 21 days. Negativecontrol mice were negative for aMPV subgroup C virus or viral RNA throughout the study (data not shown). In the present study, the aMPV/C-inoculated mice exhibited fever and other clinical signs but without weight loss, which is obviously different from that in the hMPV-infected mice [24] . This difference of clinical signs in the aMPV/C-inoculated mice may be related to virus specific as well as volume of virus inoculum (10 4.25 TCID 50 of aMPV/C in the present study vs 10 8.0 TCID 50 of hMPV in other study). However, the exact mechanism of clinical signs induced by aMPV/C inoculation needs to be further studied.
Histopathological lesions in lungs of mice
The lung histopathology of the mice was examined at the indicated time points after aMPV/C inoculation. Pulmonary inflammation was assessed using a scoring scale system previously described [15, 24, 25] . As shown in Fig. 3A , the highest histopathological score occurred at the time of maximal virus replication (day 6) in the lungs of aMPV/C-inoculated mice. Lung lesions of the inoculated mice were characterized by interstitial edema and inflammatory cell infiltration near the small blood vessels and bronchioles, thickening of the bronchial submucosa and alveolar walls, and alveolar lumen flooding with dropout of epithelial cells, erythrocytes, and inflammatory cells, including mainly lymphocytes, neutrophils, and plasmacytes ( Fig. 3B and data not shown) . Sloughed epithelial cells, neutrophils, macrophages, and scant cellular debris and mucus were also visible in the bronchial lumens. Significant lesion was observed on days 2 to 10 postinoculation. At day 21 postinoculation, the lungs of the mice exhibited mild pathological lesions, such as mild inflammatory cell infiltration around the bronchioles and small blood vessels, and peribronchovascular congestion. No obvious histopathological changes were seen in sections of the lung in any sham-inoculated mice ( Fig. 3A and B) .
aMPV antigen of lungs by immunohistochemical analysis
The lung tissues at the indicated times after aMPV/C inoculation were further subjected to immunohistochemical analysis for detecting the presence of aMPV viral antigen. As shown in Fig. 4A , lung tissue sections from the sham-inoculated mice did not exhibit reactivity with the antibody. For lung from the inoculated mice, aMPV/C antigen was detected extensively in intra-alveolar macrophages and pneumocytes, at the epithelial cells of the bronchioles. In addition, luminal cellular debris, including sloughed epithelial cells and macrophages, stained positive for aMPV/C antigen. To further determine aMPVpositive cells quantitatively in the inoculated mice, we determined an area density of positive signals. Consistent with the results shown in Fig. 2A and B, there was a time-dependent increase in the positive signals in the lungs of the aMPV/C-inoculated mice until 6 day postinoculation (with the maximal numbers as 17.65%) and then decreased (Fig. 4B) . This is consistent with that virus titer and virus load in the lungs of mice ( Fig. 2A and B) . These data indicate that the chicken aMPV/C isolate investigated in the study can replicate efficiently in the lung of BALB/c mice thereby inducing histopathological changes, with the lesion severity being directly proportional to amounts of viral expression.
Pulmonary cytokine/chemokine responses to aMPV/C inoculation
To further characterize the factors that regulate aMPV/C pathogenesis in the mouse model, we analyzed the production of cytokines/ckemokines in the lungs. As shown in Fig. 5 , levels of IL1b, IFN-c, and RANTES peaked on day 6 and IL-1b continued to persist until day 21 post-inoculation in the lungs of aMPV/Cinoculated mice; such levels were significantly increased as compared to those in the sham-inoculated mice. MCP-1 was detected at the highest level on day 1 post-inoculation. MIP-1a and TNF-a peaked on day 2 thereafter declined. In contrast, no obvious IFN-a change was detected in the aMPV/C-inoculated mice as compared to the sham-inoculated mice throughout the experiment (data not shown).
Neutralizing antibody
We further determined aMPV/C neutralizing antibody titers of pooled serum (n = 6) collected from each time point after aMPV/ C inoculation. Serum neutralizing antibody titers to aMPV/C were undetectable until day 14 postinoculation (with an antibody titer being 1:8) which increased thereafter. At day 21 postinoculation, the inoculated mice developed a statistically rise in aMPV/Cneutralizing serum titers (1:32), which are consistent with the significant decrease of aMPV/C amounts in the lungs from 14 to 21 day ( Fig. 2A and B as well as Fig. 4B ) after inoculation throughout the experiment. Regulation of virus replication may stimulate the production of serum aMPV/C-specific neutralizing antibody. However, the result also indicates that infectious aMPV/C persists in the lungs despite the presence of a neutralizing antibody as observed for hMPV infection in mice [16] . No detectable antibody was observed in the sham-inoculated mice.
Discussion
Previous research showed that infection of turkeys with aMPV/ C occurred primarily in the ciliated epithelial cells of the upper respiratory tract, exhibiting superficial erosive and inflammatory changes [27] . However, Cha et al. [28] recently demonstrated the presence of the viral genome in the turkey embryonic lung but without detectable pathological lesions after in ovo aMPV/C infection. In contrast to aMPV/C infection in turkeys, the results in the present study show that the chicken aMPV/C isolate which caused significant pathogenesis in chickens [20] can also lead to severe pathological inflammatory lesions in the lung of mice, which was characterized by infiltration of inflammatory cells, hyperplasia, interstitial edema, and thickening of the alveolar walls (Fig. 3B) . In addition, inflammatory response characterized mainly by mild peribronchiolitis and perivasculitis was still present in the lungs of mice sacrificed on day 21, while infectious viruses could be detected and specific neutralizing antibody was produced. This may indicate a state of persistence in the aMPV/C-inoculated mice as observed for human respiratory syncytial virus (hRSV) infection of mice [29] . Such persistent inflammatory changes have also been described for more than 2 months in BALB/c mice following hMPV infection [23] . Alvarez and Tripp [16] reported that hMPV RNA can be detected in the lungs of BALB/c mice for up to 180 days in which impaired viral clearance could be the results of weak innate immune responses and aberrant adaptive immune responses after hMPV infection. In contrast to these findings, Darniot et al. [19] reported that the virus was cleared from the lungs of mice at day 9 after hMPV infection, regardless of aged or young mice. These conflicting results can be attributable possibly to the selection of the virus strain, thereby affecting virulence and pathogenesis.
An excessive and sustained inflammatory cytokine and chemokine production has been shown to be associated with the severity of viral diseases by causing severe local inflammation and tissue damage, such as hRSV and hMPV infections [19, 30, 31] . In the present study, high levels of varieties of inflammatory cytokines and chemokines such as TNF-a, IL-1b, IFN-c, MCP-1, MIP-1a, and RANTES in the lungs of aMPV/C-inoculated mice (Fig. 5) . As observed for hMPV infection in BALB/c mice [24] , levels of the chemokines RANTES and the cytokine IFN-c in the lungs of aMPV/C-inoculated peaked at the time of maximal viral replication ( Fig. 4B and 5 ). However, the highest level of MIP1a was not occurred at the time of the maximal viral replication but at day 2 post-inoculation ( Fig. 4B and Fig. 5 ). This may be associated with enhanced inflammatory severity after aMPV/C infection, as observed for hRSV infection in the mouse model [32] . In accordance with that of Darniot et al. [19] , the highest level of TNF-a expression was observed in the lung of aMPV/Cinoculated mice on day 2 post-inoculation (Fig. 5) . High level of TNF-a involved in inflammation and fever may take responsible for clinical signs of illness such as fever that occurred during the few early days after aMPV/C inoculation (Fig. 1) . IL-1b is a potent stimulator of neutrophil recruitment and is required for pathogen infections. Guerrero-Plata et al. [33] reported that hMPV poorly activated inflammatory cytokine IL-1b, which is in contrast to a recent report that IL-1b was significantly increased in the hMPVinfected mice [25] . In the present study, we observed that expression of IL-1b peaked at the time of maximal viral replication and persisted throughout the experiment (Fig. 5) . These discrepancies can be due possibly to the different origins of the virus isolates as well as passage times and inocula amounts used for the mouse models. Together, these results indicated that varieties of inflammatory cytokine and chemokine productions occurred coordinately in the lungs of mice following aMPV/C inoculation, correlating with increased aMPV/C replication and/or severity of pulmonary inflammatory lesions thereby developing persistence of infection.
In conclusion, the results reported here indicate that the aMPV/C can replicate in the lungs of BALB/c mice with one growth kinetic in which peak viral amounts occurred at day 6 postinoculation. Of note, clinical signs of illness consisted of fever and some breathing difficulties that occurred on days 1 to 5 postinoculation. Pathological changes were characterized by an increased number of alvaeolar macrophages as well as infiltrated inflammatory cells including mainly lymphocytes, neutrophils, and plasmacytes in the lungs of aMPV/C-inoculated mice. The close relatedness between the lung lesions, the presence of aMPV/C antigen, and high levels of pulmonary inflammatory cytokines and chemokines including MCP-1, MIP-1a, RANTES, IL-1b, IFN-c, and TNF-a, together with clinical signs in the aMPV/Cinoculated mice and the absence of these changes in the shaminoculated control tissues, support our conclusion that chicken aMPV/C can infect BALB/c mice and induce persistent infection. We demonstrated here that chicken aMPV/C behaviours similar to hMPV in mice. However, whether this chicken aMPV/C has potential as zoonotic pathogen, further investigation will be required. 
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